AD-A215  449 


•  "  V*..  *:*,>• 

L‘*  ^ 


REPORT  DOCUMENTATION  PAGE 


form  ApprovO 
OUt  No.  0  fa-O*  89 


I  HQMf  mu  r*morm.  umujwj  wmw  tor  nn,— ^  wvnm.  w row*  »■««  Mu  *»_— 
»•»— ■ mtomrnm «»»»»*•«"* «"» nwtw c»wim«9  »»  cowomw  at  mtomHuoM  tmi  BWMWI  nwum  tN»  teu-m*  rowM  »  w  ou» 
gin  aw  at  ■*— — «■  »l>iH  u»  fctfim.iowWEtw  M.M  J»nin  W^CM.  owrw  (£  Dor— nun  Qommort  k*  mmh.  ijh  tnZnm 

Dm  «f— .  Mi  UM.  M»|1.  vl  mU^m.tMW  im  OHw  . .  mi  twifii  hmin  *«Kcae»  (SW-atM).  «nMt»  tx  »«] 


1.  AGENCY  USE  ONLY  (LMW  blst*)  2.  REPORT  OATI 

August  1984 

*.  nru  and  subtitle 

NONLINEAR  OPTICAL  PHENOMENA  IN  SOLIDS 


1.  At  PORT  TYPE  AMO  OATIS  COVERED 

_ Fjnia_l__(9_ January  1984-8  July  1934 

~  |  5.  PUNOMG  NUMBERS 


I  4.  AUTHOAU) 


Paul  W.  Kruse  and  Muhammad  A.  Khan 


61  102F 


2306/C2 


|  7.  PERfORMBIG  0BGABI2AT1OB  HAWKS)  AND  AOORESVtS) 

Honeywell  Corporate  Technology  Center 
10701  Lynadale  Avenue  South 
Bloomington,  Minnesota  55420 


E.  PERPORMMG  ORGANIZATION 
REPORT  NUMRCR 


K-ik-  89*159  6 


9.  SPONSOGR8G  /  MONITORING  AGENCY  NAME(S)  AMD  ADORESSUS) 

AFOSR 
BLDG  410 

BAFB  DC  20332-6448 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 

F49620-81-C-0034 


11.  SUPPLEMENTARY  NOTES 


12«.  mSTRaunON/AVAILASIumr  STATEMENT 


1 12b.  otfnaunoN  code 


Apnrcvr-  . 
diatr  it 


13.  ABSTRACT  (Muvnum  200  worOt) 

Experimental  investigations  have  been  carried  out  on  forward  mode  optical  phase 
conjugation  in  H^-xCdxTe  using  CO,,  Q-switched  and  TEA  lasers.  The  temperature 
dependence  of  the  degenerate  four-wave  mixing  signal  at  10.6  urn  has  been  studied 
for  four  n-type  samples  (x=0,211,  0.216,  0.229,  0.233)  and  one  p-type  (x=0,236) 
between  80  K  and  300  K.  Formation  and  erasure  of  a  dynamic  electron  grating  in  an 
n- type  x=0,216  sample  has  been  studied.  One  oral  publication  has  been  submitted 
for  later  presentation. 


DT!C 

k ZKZCTE  a 


DEC  0  G  1989 


14.  SUBJECT  TERMS 


IS.  NUMBER  OP  PAGES 

_  10 

IE.  PRICE  CODE 


17  SECURITY  CLASSIPICATION  1  IB.  SECURITY  CLASSIPKATlON  I  IS.  SECURITY  OASSIPICATION  I  20.  LIMITATION  OP  ABSTRACT 

OP  REPORT  |  OP  THIS  PAGE  I  Of  ABSTRACT  I 


|__^^nc_l^ssj_Li^d_ 

NSN  7 5 40-0 1--1  SO- 5 S00 


8  y 


unc  lass i f ied 


SUndpra  form  208  (890104  Dr*tt> 

*mmi  <r  *wv  Hi 

MM1 


1 . 0  RESEARCH  OBJECTIVES 


-3- 


******  x*. 


-  #•  I  596 


The  objectives  of  the  contract  are  listed  below: 

(1)  Determine  the  dependence  of  the  power  reflection  coefficient 
upon  signal  and  pump  intensities  for  optical  phase  conjuga¬ 
tion  by  resonant  four-wave  mixing  in  mercury  cadmium 
telluride  crystals. 

(2)  Study  optical  phase  conjugation  by  four-wave  mixing  in 
epitaxial  layers  of  mercury  cadmium  telluride. 

(3)  Investigate  noncollinear  phase  matched  far  infrared 
radiation  in  mercury  cadmium  telluride. 

(4)  Measure  the  spectral  dependence  of  the  optical  absorption 
coefficient  in  mercury  cadmium  telluride  from  10  to  50 
micrometers  and  separate  band  edge  absorption  with 
possible  exciton  effects  from  intervalence  band  and  free 
carrier  absorption. 

(5)  Measure  the  spectral  dependence  of  the  quantum  efficiency 
in  small  gap  mercury  cadmium  telluride  from  10  to  50 
micrometers . 

(6)  Determine  the  relative  contributions  of  the  microscopic 
mechanisms,  including  conduction  band  nonparabolicity , 
photoexcited  plasma,  and  saturable  absorption,  to  optical 
phase  conjugation  in  Hg,  Cd  Te. 

X  *  X  X 

(7)  Investigate  the  quality  of  the  phase  conjugate  return  in 
Hg,  Cd  Te. 

X  “  X  X 

(8)  Investigate  optical  bistability  in  Hg^_  Cd  Te  arising  from 
third  order  nonlinearities. 

(9)  Investigate  theoretically  the  response  time  of  nonlinear 
optical  interactions  produced  by  the  various  microscopic 
mechanisms  in  semiconductors. 

(10)  Investigate  theoretically  the  nonlinear  optical  interaction 
mechanisms  in  semiconductor  superlattices . 

2 . 0  STATUS  OF  RESEARCH  EFFORT  AND  FUTURE  PLANS 

2 • 1  Nonlinear  Optics  Experimental  Investigations  -  Status 

In  the  period  9  January  -  8  July  1984  experiments  were 
carried  out  to  study  the  dynamics  of  real  time  electron 
castings  formed  in  Hgi_xCdxTe  by  the  interference  of  two 
CO 2  laser  beams.  The  objectives  of  these  experiments 
were  to 

k 
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•  Demonstrate  light  diffraction  from  real-time 
electron  gratings  formed  in  Hg^_xCdxTe. 

•  Study  the  dynamics  of  these  gratings  by 
measuring  their  formation/erasure  times. 

•  Understand  the  microscopic  mechanism  responsible 
for  the  grating  formation. 

The  experimental  arrangement  is  illustrated  in  Figure 
1.  Two  parallel  polarized  laser  beams  were  obtained  by 
beam  splitting  either  a  Q-switched  CO2  laser  or  a  TEA-CO2 
laser.  Both  lasers  emit  10.6  ym  radiation.  The  peak 
power  density  incident  upon  the  sample  from  the  Q-switched 
laser  pump  was  100  W/cm2;  that  from  the  TEA  laser  was  1  MW/cm2. 
The  pump  and  probe  beams  which  have  an  included  angle  of 
5°  were  incident  on  Hgi-xCdxTe  samples  mounted  inside  a 
Joule-Thomson  cryostat  within  which  the  temperature  could 
be  precisely  controlled  between  300°K  and  80°K.  This 
ability  to  vary  the  temperature  in  a  continuous  manner  so 
as  to  provide  information  on  the  temperature  dependence  of 
the  four-wave  mixing  signal  is  an  important  new  feature  of 
the  experimerts.  Interference  between  the  pump  and  probe 
beams  resulted  in  an  electronic  grating  inside  the 
crystal.  Eacn  beam  was  subsequently  diffracted  by  this 
grating  to  foim  a  forward  mode  phase  conjugate  signal.  The 
signal  resulting  from  the  diffraction  of  the  pump  beam, 
which  was  of  greater  interest,  was  monitored  using  a  Ge:Cu 
detector  and  displayed  on  a  programmable  storage  oscillo¬ 
scope  . 

In  order  to  interpret  the  data  which  follow,  it  is 
necessary  to  review  some  observations  regarding  the  micro¬ 
scopic  mechanisms  which  have  been  determined  in  previous 
investigations  under  the  contract.  They  are  as  follows: 

•  Under  low  levels  of  excitation  by  a  10.6  ym  CO2 
laser,  such  as  100  W/cm^  from  a  Q-switched  laser, 
the  operable  mechanism  is  the  photoexcited  plasma. 

The  magnitude  of  the  effect  is  strongly  dependent 
upon  resonance  between  the  band  edge  and  the  laser 
wavelength.  It  occurs  in  either  n-  or  p-type  material, 
and  has  a  relatively  long  response  time, in  the  nsec 

to  ysec  range,  arising  from  recombination  of  the 
photoexcited  carriers. 

•  Under  high  levels  of  excitation  by  a  10.6  ym  CO2 
laser,  such  as  1  MW/cm2  from  a  TEA  laser,  the  operable 
mechanism  is  conduction  band  nonparabolicity .  This  is 
found  only  in  n-type  material,  and  also  shows  resonant 
enhancement  when  the  band  edge  coincides  with  the 
laser  wavelength.  The  response  time,  the  electron 
relaxation  time  is  extremely  short,  in  the  psec  range. 

Note  that  under  this  high  excitation  intensity,  the 
photoexcited  plasma  mechanism  has  saturated. 
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•  Although  not  as  well  established  in  Hgi-xCdxTe 
as  the  above  mechanisms,  under  high  levels  of 
excitation  such  as  provided  by  a  CO2  TEA  laser, 
a  two-photon  absorption  mechanism  may  be  operable. 

For  samples  in  which  the  absorption  edge  is  shorter 
than  10.6  pm,  this  mechanism  may  lead  to  the  produc¬ 
tion  of  hole-electron  pairs.  The  resulting  absorption 
will  be  nonlinear. 

Of  the  five  samples  employed  in  the  studies  reported 
herein,  only  the  x=0.211  and  0.216  samples  had  band  edges 
at  10.6  pm  at  temperatures  greater  than  0°K.  That  for 
x=0.211  is  80CK;  for  0.216  is  70°K.  The  other  three 
samples  (x=0.229,  0.233,  and  0.236)  had  band  edges  shorter 
than  10.6  pm  at  all  temperatures  above  0°K. 

The  previous  semiannual  report  made  reference  to  a  plan 
to  measure  the  grating  formation  and  erasure  times  to  an 
accuracy  of  1  psec  or  better.  For  this  purpose  the  first 
set  of  experiments  that  were  carried  out  during  the  pre¬ 
sent  period  employed  an  n-type  sample  having  an  x-value 
of  0.216.  A  10.6  pm  Q-switched  COg  laser  was  employed  for 
the  pump  and  probe  beams.  The  signal  resulting  from  the 
nonlinearity  due  to  plasma  excitation  was  detected  by  the 
Ge:Cu  detector  and  displayed  on  the  oscilloscope.  The 
timing  of  these  signals  on  the  scope  indicated  that  the 
formation  of  the  electronic  gratings  is  clearly  faster 
than  1  psec.  The  signal  in  this  case  was  monitored  as  a 
function  of  crystal  temperature.  As  expected,  a  sharp 
resonance  in  the  signal  due  to  the  fundamental  absorption 
edge  tuning  with  temperature  so  as  to  coincide  with  the 
10.6  pm  laser  radiation  is  seen,  see  Figure  2.  However, 
the  predicted  temperature  is  70°K,  rather  than  the  observed 
1 1 0  °K . 

This  experiment  was  repeated  using  an  x=0.236  p-type 
sample.  A  strong  signal  was  again  observed  (S/N  %  100)  which 
increased  with  decreasing  temperature.  Although  the  ab¬ 
sorption  edge  never  is  resonant  with  the  CO2  laser  at  any 
temperature,  it  is  almost  resonant  (10.0  pm)  near  0°K. 

These  two  experiments  indicate  that  when  a  Q-switch 
laser  is  employed  as  the  pump  the  diffracted  signals 
arise  from  plasma  nonlinearities.  As  expected,  the 
signal  in  this  case  is  independent  of  the  electrons  in 
the  conduction  band,  and  can  be  found  in  both  n-  and  p-type 
crystals.  The  magnitude  depends  upon  the  match  between 
the  bandgap  energy  and  the  pump  laser  energy.  Since  the 
signal  from  the  x=0.236  p-type  sample  persists  even  at  room 
temperature,  see  Figure  2,  it  is  possible  that  there 
exists  in  that  sample  a  nonlinear  mechanism  in  addition  to 
plasma  excitation.  It  cannot  be  conduction  band  non- 
parabolicity  since  that  is  not  an  operable  mechanism  in 
p-type  material. 
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FIGURE  2 


Signal  vs  Temperature 
for  Hgi-xCdxTe  Crystals 
Using  CO2  TEA  Laser  (1  MW/cm^)  and 
Q-Switched  Laser  (100  W/cm^) 
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In  the  next  series  of  experiments  the  CO2  Q-switched  laser 
was  replaced  by  a  CO2  TEA  laser.  This  was  done  to  study 
real-time  electron  gratings  and  the  third  order  nonlinearity 
arising  from  conduction  band  nonparabolicity .  In  this 
series  of  experiments  an  erase  beam  was  also  incident  on  the 
x=0.216  crystal  from  the  back  side.  It  was  found  possible 
to  erase  completely  the  electron  grating  by  this  means, 
see  Figure  3.  The  formation  and  erasure  of  gratings  using 
the  TEA  laser  beams  was  found  to  be  faster  than  1-2  iit>,  which 
is  the  rise  and  fall  time  of  the  TEA  laser  pulses. 


The  grating  erasure  was  determined  to  be  independent  of 
the  sample  temperature,  depending  only  on  the  erase  beam 
power.  A  tentative  explanation  involves  two-photon  absorp¬ 
tion  of  the  erase  beam  to  create  electron-hole  pairs.  This 
decreases  the  diffracted  signal  due  to  a  strong  absorption 
at  10.6  ym  by  the  holes,  due  to  an  increase  in  the  effective 
band  gap  energy  (dynamic  Burstein-Moss  effect) ,  or  due  to 
the  bleaching  of  the  carriers  in  the  valence  band  which  are 
needed  for  the  plasma  effect.  More  work  is  in  progress  to 
understand  the  microscopic  mechanism  responsible  for  this 
write/erase  process.  It  is  important  to  realize  that  this 
technique  provides  a  method  of  modulating  electron  gratings 
with  a  speed  faster  than  1  ns.  The  diffraction  efficiency 
was  found  to  be  about  15%.  To  the  best  of  our  knowledge  this 
is  the  first  demonstration  of  modulation  speeds  of  1  ns 
using  semiconductor  solids. 


Figure  2  also  shows  the  signals  from  three  other  n-type 
samples  having  x-values  of  0.211,  0.229,  and  0.233  as  a 
function  of  temperature.  These  signals  were  obtained  using 
a  TEA  laser  pump  and  hence  are  attributed  to  the  conduction 
band  nonparabolicity  mechanism.  The  resonant  behavior 
exhibited  by  the  x=0.233  sample  is  not  understood,  since  at 
0°K  the  absorption  edge  lies  at  about  9.8  ym,  and  decreases 
with  increasing  temperature.  The  x=0.236  p-type  sample 
also  gave  rise  to  a  strong  signal  when  pumped  with  a  TEA 
laser  at  10.6  ym.  This  cannot  be  due  to  conduction  band 
nonparabolicity  because  there  are  no  conduction  electrons 
in  p-type  material.  It  is  not  due  to  the  plasma  nonlinearity 
because  those  signals  saturate  at  about  100  W/cm2  pump 
intensity.  Thus,  there  is  some  other  nonlinear  mechanism 
that  takes  place  in  p-type  Hg^_xCdxTe  which  has  not  been 
reported  to  date.  This  will  be  studied  in  more  detail  in 
the  future. 


2 . 2  Nonlinear  Optics  Experimental  Investigations  -  Plans 

In  the  second  half  cf  1984,  the  microscopic  mechanisms 
giving  rise  to  the  real-time  electron  gratings  and  the 
subsequent  light  diffraction  by  them  will  continue  to 
be  investigated.  Hgi-xCdxTe  crystals  with  x-values  ranging 
from  0.20  to  0.23  will  be  employed.  Using  these  crystals 
and  a  line-tunable  CO2  TEA  laser,  the  diffracted  signals 
will  be  studied  as  a  function  of  x-values,  pump  laser 
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wavelength  and  sample  temperature.  The  diffracted  signal 
data,  corrected  for  absorption  in  the  crystals,  will  be 
used  to  further  elucidate  the  nature  of  the  microscopic 
mechanisms  responsible  for  the  diffraction  process. 

2 . 3  Nonlinear  Optics  Theoretical  Investigations  -  Status 

Because  a  replacement  has  not  yet  been  found  for  Dr. 
Darryl  Smith,  no  theoretical  investigations  were  carried 
out  during  this  reporting  period. 

2 . 4  Nonlinear  Optics  Theoretical  Investigations  -  Plans 

The  search  for  a  replacement  for  Dr.  Smith  will 
continue . 

3.0  WRITTEN  PUBLICATIONS  IN  TECHNICAL  JOURNALS 


No  papers  were  submitted  or  published  during  this  period. 

4 . 0  PROFESSIONAL  PERSONNEL  ASSOCIATED  WITH  RESEARCH  EFFORT 

The  following  personnel  with  B.S.  or  higher  degrees  participated 
in  the  research  effort  during  the  period  9  January  1984  -  8  July  1984. 

Dr.  Paul  W.  Kruse,  Chief  Research  Fellow 

Dr.  Muhammad  A.  Khan,  Senior  Principal  Research  Scientist 
Mr.  John  A.  Lehman,  Student  Aide 


5.0  INTERACTIONS 

5 . 1  Spoken  Papers  Presented  at  Meetings 

No  papers  were  presented  during  the  period 
9  January  1984  -  8  July  1984  .  Cn<=  paper  has  been 
submitted  for  presentation  at  the  International  Con¬ 
ference  on  Lasers  '84,  to  be  held  in  San  Francisco  on 
26-30  November  1984: 

•  M.  Asif  Khan,  J.  Lehman,  and  P.W.  Kruse,  "Dynamics 
of  Real-Time  Electron  Gratings  in  Hgi_xCdxTe". 

5 . 2  Consultative  and  Advisory  Functions 
None 

5 . 3  Other  Interactions 
None 

6 . 0  NEW  DISCOVERIES,  INVENTIONS,  OR  PATENT  DISCLOSURES 


The  erasable  electron  grating  will  be  submitted  to  Honeywell's 
patent  department  as  an  invention  disclosure. 


